and (Schwartzkroin 1993). Such hypersynchronized activity is Philip A. Schwartzkroin. Extracellular chloride and the maintenance typically induced in experimental models of epilepsy by eiof spontaneous epileptiform activity in rat hippocampal slices. J. Neuro-ther increasing excitatory or decreasing inhibitory synaptic physiol. 81: 49-59, 1999. Previous studies showed that furosemide currents. It is therefore often assumed that hyperexcitability blocks spontaneous epileptiform activity without diminishing synaptic per se is the defining feature involved in the generation and transmission or reducing hyperexcited field responses to electrical stim-maintenance of epileptiform activity; consequently, focus on uli. We now test the hypothesis that the antiepileptic effects of furosesynaptic hyperexcitability has been a guiding principle in mide are mediated through its blockade of the Na / ,K / ,2Cl 0 cotransbasic research on the mechanisms of epileptogenesis (McNaporter and thus should be mimicked by a reduction of extracellular mara 1994) and in the design and discovery of new antiepi-
basic research on the mechanisms of epileptogenesis (McNa- porter and thus should be mimicked by a reduction of extracellular mara 1994) and in the design and discovery of new antiepi-
In the first set of experiments, field recordings from the CA1 cell body layer of hippocampal slices showed that spontaneous leptic drugs (Macdonald and Greenfield 1997; Upton 1994) . bursting developed within 10-20 min in slices perfused with low-It has recently been shown, however, that it is possible to [Cl 0 ] o (7 mM) medium but that this spontaneous epileptiform activity dissociate hypersynchronous epileptiform activity from hyceased after a further 10-20 min. Intracellular recordings from CA1 perexcitability (Hochman et al. 1995) . In that study, a varipyramidal cells showed that normal action potential discharge could be ety of treatments, involving a spectrum of different physioelicited by membrane depolarization, even after the tissue was perfused logical mechanisms, was used to elicit spontaneous dis- Those observations suggested medium blocked spontaneous hypersynchronous discharges without re-that furosemide affected mechanisms, common to all of the ducing synaptic hyperexcitability (i.e., hyperexcitable field responses models, that were necessary for the maintenance of spontaevoked by electrical stimulation). In a third set of experiments, pro-neous epileptiform activity but were independent of synaptic longed exposure (ú1 h after spontaneous bursting ceased) of slices to hyperexcitability. 
furosemide is mediated by the drug's effect on chloride transporters.
respectively (Cala 1990; Geck and Pfieffer 1985) . AcFinally, the results of altering extracellular potassium along with chloride suggest that blockade of the Na / , K / ,2Cl 0 cotransporter, which cording to this formulation, furosemide-sensitive cotransport normally transports chloride from the extracellular space into glial cells, is sensitive to [Cl 0 ] o . Indeed, both furosemide and low is key to these antiepileptic effects.
[Cl 0 ] o have been shown to similarly block activity-induced volume changes in the extracellular space (ECS) in hippocampal and cortical slices (Holtoff and Witte 1996; MacVi-I N T R O D U C T I O N car and Hochman 1991) and K / -driven cell volume changes Epileptiform activity is identified with spontaneously oc-in astrocytes (Walz 1992; Walz and Hertz 1984 at Ç1 ml/min. At this flow-rate, it took Ç8 -10 min for changes Given the apparent inconsistency of these previous studies in perfusion media to be completed. All of the times reported with the recent demonstration of an antiepileptic furosemide here have taken this time delay into account and have an error of approximately {2 min. This accuracy is sufficient for the purposes effect, we carried out additional experiments to better underof this study.
stand the mechanism of furosemide action. We hypothesized that the effects of low-chloride and furosemide might vary in a time-dependent fashion with at least three distinct phases R E S U L T S of action : 1 (Bevan et al. 1985; Gray and Ritchie 1986) . brane oscillations, dependent on the direction of Cl 0 and Second, transport of extracellular potassium through glial K / transport by the chloride cotransporters. Results of some Na / ,K / ,2Cl 0 cotransport is blocked when extracellular of these studies were reported in preliminary form (Hochchloride is replaced by gluconate but is not completely man and Schwartzkroin 1997).
blocked when replaced by isethionate (Walz 1995 mate, acetate, and proprionate generate weak acids when though the field remained silent (Fig. 1B) . The insets in Fig. 1, A and B, show the response of this cell to intracellular employed as Cl 0 substitutes and lead to a prompt fall in intracellular pH; gluconate remains extracellular and was not current injection at these two time points, demonstrating that the cell's ability to generate action potentials was not reported to induce intracellular pH shifts (Kaila and Voipio 1990; Roos and Boron 1981 within 20-40 min (Fig. 2E) . Throughout each experiment, Slices (n Å 6) were initially perfused with normal medium the CA1 field response to Schaffer collateral stimulation was until stable intracellular and field recordings were estabmonitored (Fig. 2, right) . The largest field responses were lished in a CA1 pyramidal cell and the CA1 cell body layer, recorded just before the cessation of spontaneous bursting, respectively. In two experiments, the same cell was held during the period when the spontaneous bursts had the throughout the entire length of the experiment (ú2 h) (see largest amplitude. Even after the blockade of spontaneous Fig. 1 ). In the remaining experiments (n Å 4), the initial bursting, however, multiple population spikes were elicited intracellular recording was lost during the sequence of soluby Schaffer collateral stimulation, indicating that synaptic tion changes, and additional recordings were acquired from transmission was intact and that the tissue remained hyperexdifferent cells. Patterns of neuronal activity in these expericitable. ments were identical to those seen when a single cell was
In four slices, intracellular recordings from CA1 pyramiobserved. The field and intracellular electrodes were always dal cells were acquired along with the CA1 field recording. placed in close vicinity to one another (õ200 mm). In each During the period of high-[K / ] o -induced spontaneous case, after Ç15-20 min exposure to the low-[Cl 0 ] o medium bursting, hyperpolarizing current was injected into the cell so (7 mM), spontaneous bursting developed, first at the cellular that postsynaptic potentials (PSPs) could be better observed. level and then in the field. This spontaneous field activity, After low-[Cl 0 ] o blockade of spontaneous bursting, frerepresenting synchronized burst discharge in a large populaquently occurring spontaneous action potentials and PSPs tion of neurons, lasted from 5 to 10 min, after which time were still observed (data not shown). These observations the field recording became silent. Figure 1 A quence of effects; an initial brief period of increased amplitude of field activity and then blockade (reversible) of spontaneous field activity. In both cases, electrical stimulation of the Schaffer collaterals elicited hyperexcited responses even after the spontaneous bursting was blocked.
Consequences of prolonged exposure to low-[Cl
It is probable that a K / ,Cl 0 cotransporter plays a major role in the maintenance of the neuronal transmembrane chloride gradient by facilitating an efflux of KCl. This efflux is driven by the high intracellular and low extracellular concentrations of potassium (Misgeld et al. 1986; Thompson and Gähwiler 1989; Thompson et al. 1988) . Similarly, the Na / ,K / ,2Cl 0 cotransporter is important in the movement of potassium from the extracellular spaces into glial cells by facilitating an influx of NaCl and KCl. This influx is driven, in part, by the transmembrane sodium and potassium concentration gradients (Walz 1992; Walz and Hinks 1986 macological treatments, as we had shown for furosemide treatment (Hochman et al. 1995) . For this set of experiments, we chose to test the effects of low-[Cl 0 ] o treatment on spontaneous bursting which was induced by high-[K / ] o (12 mM) (n Å 5), 4-AP (100 mM) (n Å 4), and bicuculline (20 and 100 mM) (n Å 5) (Fig. 3) . In each set of experiments, field responses were recorded simultaneously from areas CA1 and CA3b; in each case, the spontaneous epileptiform activity (in both areas) was reversibly blocked°30 min after [Cl 0 ] o in the perfusion medium was reduced to 21 mM. These data suggest that, like furosemide, low [Cl 0 ] o reversibly blocks spontaneous bursting in several of the most commonly studied in vitro models of epileptiform activity. ion-homeostatic mechanisms were diminished over time as a result of the ion concentrations in the bathing medium.
Comparison between low [Cl
In some experiments ( n Å 2 ) in which these negative DC field shifts were induced, intracellular recordings from CA1 pyramidal cells were acquired simultaneously with the CA1 field recordings ( Fig. 6 A ) . For these experiments, the intracellular and field recordings were acquired close to one another ( õ200 mm) . Before each negative field shift ( 10 -20 s ) , the neuron began to depolarize. Cellular depolarization was indicated by a decrease in resting membrane potential, an increase in spontaneous firing frequency, and a reduction of action potential amplitude. Coincident with the onset of the negative field shifts, the cells became sufficiently depolarized so that they were unable to fire spontaneous or current-elicited ( not shown ) action potentials. Because neuronal depolarization began 10 -20 s before the field shift, it may be that a gradual increase in extracellular potassium resulted in the depolarization of a neuronal popu- shift generated by the same conditions as the events shown in Fig. 5 . The
In our first set of experiments, slices were exposed to intracellular recording shows that the cell began to depolarize ú10 s before medium containing low [ ( Fig. 5 ) ; these events appeared as 5-to 10-mV negative shown at a low gain and smoothed by low-pass filtering. C: segment of shifts in the DC field, with the first episode lasting for 30 -the traces from B (between the 2 asterisks) is shown, unfiltered and at a 60 s ( Fig. 5 A ) . Each subsequent episode was longer than higher gain. Arrows indicate the times that single pulse stimuli were delivered to the Schaffer collaterals. ( Fig. 6 , B and identical to that of furosemide. Further, prolonged low-[Cl 0 ] o treatment induced various patterns of negative-going C ) . In each experiment, the K / -selective microelectrode and a field electrode were placed in the CA1 pyramidal field potential events, presumably reflecting synchronized neuronal depolarizations. By taking into account the tempolayer close to one another ( õ200 mm) , and a stimulation pulse was delivered to the Schaffer collaterals every 20 s ral dependency of the effects of reduced [Cl 0 ] o , it is possible to interpret all of the previously published data in a consisso that the magnitude of the population spike could be monitored. Multiple spontaneously occurring negative field tent manner. Indeed, Yamamoto and Kawai (1969) ( Fig. 6 , B experiments (i.e., when low-[Cl 0 ] o perfusion was initiated), a prolonged period of complete silence in the electrical activand C , bottom traces ) . Figure 6 , B and C , shows the first of a series of spontaneously occurring negative field shifts ities often followed.
For proper comparison of our data to previously published that occurred during one such experiment. A slow 1.5-to 2.0-mM increase in [ K / ] o occurred over a time interval of work, it is important to note that there are significant differences between the reports as to the kind of electrophysiologi-Ç1 -2 min before the onset of each event. The stimulationevoked field responses ( arrows in Fig. 6C ) slowly increased cal phenomena that constitute ''epileptiform'' activity. In our studies, we define epileptiform activity as spontaneous in amplitude with the increasing [ K / ] o . In a second set of experiments (n Å 4), [K / ] o was in-synchronized discharges of a population of neurons, a significantly different phenomenon than the hyperexcited stimcreased to 12 mM, and [Cl 0 ] o was increased to 16 mM. After 50-to 90-min exposure to this medium, slow oscilla-ulus-evoked field responses or repetitive discharges of individual neurons. In contrast, much of the data reported in tions were recorded in area CA1 (Fig. 7) . These oscillations were characterized by 5-to 10-mV negative DC shifts in the Avoli et al. (1990) was based on hyperexcited responses to electrical stimulation. Although some forms of spontaneous field potential and had a periodicity of Ç1 cycle/40 s. Initially, these oscillations occurred intermittently and had an bursting were described in that study, no information was provided about the onset or cessation of spontaneous synirregular morphology (Fig. 7A) . Over time, these oscillations became continuous and developed a regular waveform chronized bursting with respect to the time of slice exposure to low-[Cl 0 ] o medium. (Fig. 7B) . On exposure to furosemide (2.5 mM), the ampli- 
